INTRODUCTION
The development of specific culture regimes capable of supporting in vitro maturation (IVM) and in vitro fertilization (IVF) of oocytes and subsequent development to the blastocyst stage has continued unabated in recent years; it is now possible to obtain preimplantation embryos of all stages from bovine [1] [2] [3] [4] [5] [6] , ovine [7] [8] [9] [10] [11] [12] [13] , and porcine [14] [15] [16] oocyte-cumulus complexes (OCC) that have been matured, fertilized, and cultured in vitro (IVMFC). Progress has occurred predominantly through the implementation of at least three experimental approaches. In the first approach, complex media such as TCM-199 supplemented with serum are employed in combination with embryo coculture (often on primary oviduct epithelial cell monolayers) in an effort to support embryonic development through the sensitive 8-16-cell stage of bovine or ovine preimplantation devel-opment [17] [18] [19] [20] [21] [22] [23] [24] . The second approach has resulted from the revitalization of simple defined salt solutions (e.g., synthetic oviduct fluid medium [SOFM] ) supplemented with a serum source (such as human serum [HS] ) [25] [26] [27] . The third and most recently applied approach involves investigating embryonic development in chemically defined protein-free media such as hamster embryo culture media (HECM) [2] or CZB [13, [28] [29] . Variations in this design have included the supplementation of serum-free media with synthetic serum substitutes [12] and the addition of specific growth factors [30] [31] . The progress with this latter approach has been encouraging, and it seems likely that it will eventually result in the characterization of specific defined culture environments for the development of bovine, ovine, and porcine embryos.
We have continued to explore the mechanisms that underlie the successful development of ovine and bovine preimplantation embryos in vitro. The aim of the present study was to directly compare, for the first time, the effectiveness of two distinct methods of supporting ovine preimplantation development in vitro by investigating the roles of medium composition, serum source and concentration, embryo coculture on primary oviduct epithelial cells, and embryo culture under a reduced 02 atmosphere.
MATERIALS AND METHODS

IVM and IVF of Ovine OCC
Up to 200-300 ovaries were collected on a daily basis from a local slaughterhouse and were transported to the laboratory (at room temperature) in PBS containing 100 IU/ ml penicillin and 100 jLg/ml streptomycin. Ovarian follicles (2-8 mm) were aspirated within 4 h of removal from the animal by means of an 18-gauge needle connected to a 10-ml vacutainer containing 2 ml of oocyte collection medium. This medium consisted of Hepes-buffered TCM-199 medium (Gibco, Grand Island, NY) + 2% (v/v) fetal bovine serum (FBS; Gibco) and 100 IU/ml heparin (Sigma, St. Louis, MO). The OCC were pooled and washed a minimum of six times with collection medium before being placed into maturation medium TCM-199 (Gibco) containing 10% (v/ v) FBS (Gibco) supplemented with sodium pyruvate (35 RIg/ml; Sigma), 5 [ig/ml FSH (Folltropin; Vetrepharm, London, ON, Canada), 5 Izg/ml LH (Vetrepharm), and 1 Vlg/ ml estradiol-17, (Sigma) for 24 h at 38.6°C in a humidified, 5% CO 2 atmosphere in air [1] . No selection of OCC was performed at any point during the application of the ovine embryo culture procedures.
For each insemination, four frozen pellets representing a minimum of two rams were thawed at 37°C for 1 min and then processed for normal "swim-up" procedures by layering the semen (0.4 ml) under 1 ml of warmed (38.6°C) Hepes-buffered modified Tyrode's salt solution [32] (without BSA), supplemented with 2% (v/v) heat-inactivated sheep serum, for 2 h at 38.6°C. The OCC were removed from the oocyte maturation medium and subjected to a minimum of four washes through 100-,il drops of Hepes-buffered modified Tyrode's solution (without BSA) supplemented with 2% (v/v) heat-inactivated sheep serum approximately 1/2 h before addition of the motile sperm fraction. The washed oocytes were then allocated to pre-equilibrated fertilization drops (50 OCC/300-,al drop) consisting of modified bicarbonate-buffered Tyrode's salt solution [32] (without BSA or heparin) supplemented with 2% (v/v) sheep serum under light paraffin oil (BDH Inc., Toronto, ON, Canada). After "swim-up," the upper motile sperm fraction was removed (500 jil) and the samples were counted prior to the introduction of approximately 50 l (or 50-75 x 103 motile spermatozoa) of sperm solution per fertilization drop. The sperm/OCC droplets were incubated for 24 h at 38.6°C under an atmosphere of 5% CO 2 in air before removal of the remaining cumulus cell investment. This was followed by introduction of the fertilized zygotes into the appropriate culture treatment group.
Oviduct Cell Monolayer Formation
The primary ovine oviduct epithelial cell monolayers were established as described for bovine oviduct cell monolayers [1] . Oviducts were collected randomly at a local abattoir and were placed in small plastic jars containing 50 ml of Hanks' balanced salt solution (HBSS; Gibco) supplemented with 250 jLg/ml each of kanamycin sulfate and gentamycin sulfate (both Sigma) at room temperature. The oviducts were trimmed of connective tissue and rinsed in HBSS + antibiotics before the lumen of each oviduct was filled with approximately 1-2 ml of a 0.05% trypsin-HBSS solution (Gibco). One end of the oviduct was clamped with a hemostat, the trypsin solution was added until the oviduct became rigid, and the open end was clamped. The oviducts were incubated at 38.6°C for 20 min before the contents of the lumen were squeezed into a small Petri dish (35 mm) with a pair of forceps. The cell clumps were further disrupted by forcing the cell preparation through an 18-gauge needle three times. After dispersal, 1 ml of FBS was added to each dish to inhibit further enzymatic digestion and the cell preparation was transferred to 10-ml snap-cap centrifuge tubes (Gibco). The cells were washed four times by addition of 10 ml of HBSS; this was followed by dispersion of the pellet and centrifugation at 500 rpm for 10 min. After the last wash, the pellet was resuspended in TCM-199 + 10% (v/v) FBS; the cells were counted and then plated into 24-well culture plates containing 1 ml of TCM-199 + 10% FBS/well at an approximate density of 1 x 106 cells per well.
Embryo Coculture and Microdrop Culture Methods
The oviduct cultures were established two days prior to their use for embryo coculture [1] . This time was sufficient to initiate monolayer formation resulting in a 50-60% confluent cell monolayer. At this time, each well was washed twice with HBSS (1 ml/well) to remove the unattached cells and cell clumps, leaving behind the attached monolayer. One milliliter of fresh embryo culture medium was added to each washed well. Depending upon the experiment (see below), the embryo culture medium was one of the following: 1) TCM-199 + either 10% FBS (Gibco) or 10% HS; 2) bicarbonate-buffered glucose-free synthetic oviduct fluid medium (mod-SOFM) + either 10% FBS or 10% HS; or 3) bicarbonate-buffered modified Tyrode's medium (mod-TALP) [32] without BSA or heparin, supplemented with 10% FBS. The HS was prepared by collecting 80 ml of whole blood from 24-h-fasted subjects. Clot formation was allowed to occur at room temperature for 4 h, and the samples were centrifuged to contract the clots and allow for the collection of up to 40 ml of serum. The serum was heat inactivated at 56.0°C for 30 min, filtered through a 0.22-jlm Millipore (Bedford, MA) filter unit, and then stored at -20°C until used. The same HS preparation was utilized for all of the experimental replicates presented in this paper. The cells and fresh media were equilibrated under the appropriate gas atmosphere (see below) at 38.6°C for 2 h before the addition of up to 35 zygotes per well. Embryo coculture was maintained for a maximum of 8 days. The cocultured embryos were moved to fresh 48-h epithelial cell cultures every 48 h.
One hundred cocultured and one hundred non-cocultured Day 8 blastocysts (chosen randomly from the three experiments) were incubated with the fluorescent nuclear stain 4',6-diamidine-2-phenylindole (DAPI; 1 pug/ml in PBS; Sigma) for 15 min to determine blastocyst cell numbers [1] . The DAPI-stained blastocysts were viewed with a Nikon photomicroscope equipped with epifluorescence optics.
Experiment 1
The aim of experiment 1 was to determine the proportion of IVMF zygotes capable of developing into blastocysts under oviduct cell coculture conditions and also to investigate whether this development was dependent upon the use of complex media such as TCM-199. The experiment was designed as a 2 x 3 factorial to examine the effect of two culture systems (coculture vs. non-coculture) and three culture media (TCM-199 + 10% FBS, mod-SOFM + 10% FBS, and mod-TALP medium + 10% FBS). Zygotes representing four replicates (978 zygotes in total) were randomly assigned to each of the six experimental treatments (163 per treatment). The embryos were maintained in culture for 8 days at 38.6 0 C under a 5% CO 2 atmosphere in air. The zygotes were evaluated at 24 h after insemination (just prior to their introduction to embryo culture medium) and then at 3, 6, and 8 days after insemination. Non-cocultured zygotes were maintained in 2 5-1Il drops of embryo culture medium (the same three media outlined above). The culture drops were covered with light paraffin oil and pre-equilibrated either in a 5% CO 2 atmosphere in air or in a glass desiccator jar in which a 5% CO2:5% 02:90% N 2 gas mixture continuously flowed. This entire unit was housed within a CO 2 incubator maintained at 38.6 0 C under a 5% CO 2 atmosphere in air. Up to 10 zygotes were placed in each equilibrated 25-,l culture drop and maintained under the appropriate culture atmosphere for the 8-day culture interval.
Oocyte Maturation and Blastocyst Cell Number
Before the start of the culture experiments, a random sample of 584 IVM oocytes were fixed in ethanol:acetic acid (3:1) for 24 h;'they were then stained with 1% aceto-orcein stain to visualize meiotic chromosomal spreads and thus determine the state of meiotic maturation for a population of IVM ovine oocytes.
Experiment 2
A 2 x 2 x 2 factorial design was used to investigate the roles of embryo culture (coculture vs. non-coculture), medium (TCM-199 vs. mod-SOFM), and serum source (10% FBS vs. 10% HS) upon the development of IVMF zygotes. Zygotes representing three experimental replicates (888 zygotes in total) were randomly assigned to each of the eight experimental treatments (111 per treatment). Development was assessed at 24 h, 72 h, 6 days, and 8 days after insemination. The culture environment was maintained at 38.6°C under a 5% CO 2 atmosphere in air.
Experiment 3
The design of a third experiment was identical to that of experiment 2 except that embryo development was assessed under a low 02 atmosphere (5% CO2:5% 02:90% N 2 ). A total of 130 IVMF ovine zygotes representing four experimental replicates (1040 zygotes in total) were randomly assigned to each of the eight experimental treatments. The zygotes were evaluated at 24 h, 72 h, 6 days, and 8 days after insemination.
Statistical Analysis
The results were analyzed by step-wise (in reverse) polychotomous logistic regression [33] in the BMDP statistical package to determine the influence of embryo coculture with oviduct epithelial cell monolayers, medium composition, and serum source on the proportion of zygotes ca- pable of surviving to the post-insemination times of 72 h, 6 days, and 8 days for each of the experimental treatment groups. Tests of significance were established from the model using chi-square analysis. Tests for interactive effects of coculture, medium source, and serum source were performed first. If no interactions were detected, then the main effects tests were performed. Thus, variables and interactions with p values greater than 0.05 were systematically removed from the model until only the significant (p < 0.05) variables remained.
Blastocyst cell number was examined through use of a two-sample t-test analysis [34] .
RESULTS
Oocyte Maturation
The OCC utilized in the present study were not subjected to any form of selection at any time during the culture interval. An overall average of 3 OCC were recovered from the medium-sized (2-5 mm) follicles of each ovary. The morphology of the OCC population was reasonably uniform and consistent (Fig. 1A) , although variation in the extent of cumulus cell investment surrounding each oocyte and in the oocyte pigmentation was observed (Fig. 1A) .
To assess oocyte maturation, 584 IVM OCC were stained before the start of the embryo culture experiments. Of the 584 oocytes, 543 or 92.9% displayed an obvious metaphase II chromosomal spread, suggesting that a 24-h period in maturation medium was sufficient to result in a high frequency of meiotic maturation. Maturation was also assessed by observation of the characteristic FSH-mediated cumulus cell expansion (Fig. 1B) .
Primary Oviduct Epithelial Cell Monolayers
The primary oviduct cell cultures were initially composed of dispersed single ciliated and nonciliated cells as well as small clumps of ciliated epithelial cells ( Fig. 2A) .
During the first 24-h interval, these cells proliferated to assume several morphologies, including ciliated vesicles that were not observed to attach, small dispersed groups of individual cells, and small islands of attached cells that slowly spread over the bottom of the culture wells (Fig. 2B) . By 48 h, the cell spreading and attachment had continued until a 50-60% monolayer had formed (Fig. 2C) . By 72 h, the monolayers were confluent and were observed to consist of at least two distinct cell types (Fig. 2D ). These cell populations consisted of islands of small, cuboidal (often ciliated) cells separated and surrounded by numerous tracts of slender fusiform cells (Fig. 2D) .
Experiment 1
The method of culture represented the only factor that significantly influenced (p < 0.05) embryonic survivability, with greater numbers of zygotes progressing to the morula and blastocyst stages in the coculture treatments compared with the non-coculture treatments (Table 1) . A high cleavage frequency (74.2-83.4%) was observed in all of the culture treatments. Although a larger proportion of the cocultured zygotes progressed to the morula and blastocyst stages in the TCM-199 medium treatment compared to the mod-SOFM and mod-TALP medium treatments, no significant differences between these treatments was observed.
Experiment 2
Both embryo culture system and culture medium displayed an independent but significant (p < 0.05) influence on the proportion of zygotes that developed to the blastocyst stage ( Table 2 ). The serum source (FBS vs. HS) was not observed to exert a significant influence. Significantly higher (p < 0.05) frequencies of cocultured zygotes, com- 'All embryos were cultured in the presence of 10% serum in a 5% CO 2 in air atmosphere at 38.6°C. bNo. of replicates = 3; 24 h post-insemination cleavage = 397/888 (44.7%). Cp < 0.05, coculture versus non-coculture. dp < 0.05, TCM-199 medium versus mod-SOFM. pared to non-cocultured zygotes, developed to the morula and blastocyst stages. A significant difference (p < 0.05) in the proportions of zygotes surviving to the morula and blastocyst stages was observed between the TCM-199 and the mod-SOFM treatments for the cocultured and non-cocultured treatment groups. This result suggests that for embryo culture, TCM-199 medium may be preferable to mod-SOFM when culture occurs under a 5% CO 2 atmosphere in air.
Experiment 3
The influence of culture under a reduced 02 atmosphere on the survival rates of VMF ovine zygotes through to the morula and blastocyst stages was next investigated by culturing all zygotes in the eight treatment groups under a 5% CO2:5% 02:90% N 2 atmosphere. Under these culture conditions, the survival rate of IVMF zygotes to the morula and blastocyst stages was significantly higher (p < 0.05) in the non-cocultured treatment groups compared with the coculture groups. Furthermore, serum source also significantly (p < 0.05) influenced development to the morula and blastocyst stages. This effect was revealed by significantly higher frequencies of development (p < 0.05) to the blastocyst stage in both the TCM-199 and mod-SOFM media supplemented with 10% HS compared to the frequencies for zygotes cultured in the same media supplemented with 'All embryos were cultured in the presence of 10% serum in a low oxygen (5% C0 2 :5% 02:90% N 2 ) atmosphere at 38.6°C. bNo. of replicates = 4; 24 h post-insemination cleavage = 387/1040 (37.2%). Cp < 0.05, non-coculture versus coculture. dp < 0.05, HS versus FBS.
10% FBS. These results suggest, in contrast to the initial experiments, that significantly higher (p < 0.05) IVMF zygote survival rates are observed when non-coculture in medium supplemented with 10% HS is employed in combination with a reduced oxygen (5% CO2:5% 02:90% N 2 ) culture atmosphere.
Ovine Preimplantation Embryos and Blastocyst Cell Numbers
The morphology of a typical developmental series of IVMFC ovine zygotes is displayed in Figure 3 , A-H. No obvious difference was observed in the morphology of noncocultured (Fig. 3G) vs. cocultured (Fig. 3H) blastocysts. Cell number counts were conducted on each of 100 DAPIstained non-cocultured and cocultured IVMF blastocysts (Table 4 ). No significant difference was observed in cell number between these two treatment groups.
DISCUSSION
In the current study we have investigated the influence of embryo coculture, medium composition, serum source, and culture under reduced 02 levels on the development of IVMFC zygotes to the blastocyst stage. Under the culture atmosphere of 5% CO 2 in air, coculture on ovine primary oviduct epithelial cell monolayers was clearly superior to non-coculture procedures. No influence of serum source was detected under these culture conditions; but composition of the medium was important, since the results suggested that higher proportions of IVMF zygotes survive to the blastocyst stage with use of TCM-199 than with use of glucose-free SOFM.
The optimal culture conditions changed dramatically in experiment 3, in which zygotes were exposed to a 5% CO 2 :5% 02:90% N 2 atmosphere. In this case, embryo survival to the blastocyst stage was greater in the non-cocultured treatments.
The results have thus uncovered two distinct, but effective, culture systems capable of providing a suitable environment for high rates of survival of IVMF zygotes through to the blastocyst stage. The first method involves embryo coculture on primary ovine oviduct epithelial cell monolayers in TCM-199 medium supplemented with either 10% FBS or 10% HS under a 5% CO 2 atmosphere in air; the second approach involves embryo culture in glucose-free SOFM supplemented with 10% HS under a 5% CO 2 :5% 02:90% N 2 atmosphere. Embryo coculture on primary oviduct epithelial cell cultures has emerged as an important method capable of supporting development of high proportions of in vivo and in vitro bovine zygotes through the preimplantation interval to the blastocyst stage [1, 17, [20] [21] [22] [23] [24] 35] . This beneficial effect of coculture is observed for other species, particularly for in vivo-matured/fertilized ovine zygotes [19] . We have confirmed in the present study that the positive influence of embryo coculture on cell monolayers is extended to IVMF ovine zygotes. Coculture may exert a positive influence on early development by the secretion of "embryotrophic" factors into the culture medium and/or by reducing the negative effects of "toxic" components of the culture environment on preimplantation development [35] . It seems likely that embryo coculture is effective by both of these routes. A beneficial effect on support of the early development of IVMF bovine zygotes to the blastocyst stage is observed by coculture on a variety of diverse cell types including bovine granulosa, oviduct, and uterine cell monolayers, chicken skin cell monolayers, liver cell monolayers, and mouse testicular cell monolayers [5] . This observation suggests that at least part of the coculture influence on early development is a very general one that could reflect secretion into the medium of a pool of "embryotrophic" factors that are not cell-type specific, or might simply consist of a common ability of these cell types to purify the culture environment by acting as a sink for the removal of deleterious culture elements. However, there is a definite cell type-specific influence superimposed upon this more general effect, as primary oviduct epithelial cell cultures are capable of exerting an additional beneficial influence on the development of in vivo-matured/fertilized ovine zygotes through to the blastocyst stage over that observed for fetal sheep fibroblast cell lines (42% blastocysts vs. 4.5%) [19] .
For these reasons, a great deal of attention has focused upon the oviduct and its apparent role in supporting preimplantation embryonic development. Oviductal secretory proteins have now been isolated within the human [36] , baboon [37] , pig [38] , cow [39, 40] , rabbit [41] , and sheep [42] [43] [44] oviduct. In sheep, an estrus-associated 90-92-kDa oviductal glycoprotein, capable of binding to the zona pellucida and blastomere surface, has been characterized; it has also been localized within the perivitelline space of early zygotes [42] [43] [44] . In addition, the mRNA transcripts for several growth factor ligands-including insulin-like growth factor (IGF)-I, IGF-II, transforming growth factor x (TGFot), basic fibroblast growth factor (bFGF), and TGFP3-have been detected by reverse-transcription polymerase chain reaction (RT-PCR) within 48-h primary bovine and ovine oviduct epithelial cell monolayers [45] [46] . The precise role for these molecules in supporting early ovine and bovine development is unclear; but there is evidence that up to 38.8% of bovine IVMF zygotes can progress beyond the 16-cell stage, with 24.6% reaching the blastocyst stage [30] , in media supplemented with bFGF and TGF [3, suggesting that growth factors could certainly perform roles expected for "embryotrophic" factors. These molecules are therefore good candidates for further experimentation directed at clarifying the molecular nature of the beneficial coculture influence on early mammalian preimplantation development.
Is it possible that the oviductal cells are performing an additional role? Tervit et al. [25] first reported the benefit of culturing ovine and bovine in vivo-matured/fertilized zygotes in a simple defined salt solution under a reduced oxygen environment of 5% CO2:5% 02:90% N. This approach has been recently revitalized and improved upon by the addition of 20% HS to the culture medium, resulting in up to 80% of ovine zygotes progressing through to the blastocyst stage [7] [8] [9] 47] . Similar benefits of culturing preimplantation goat and mouse embryos under a reduced oxygen environment have been observed, suggesting that it may be important to limit the exposure time of zygotes to atmospheric oxygen in order to obtain optimal development through the preimplantation interval [48] [49] [50] [51] [52] .
All mammalian cells are vulnerable to damage by active oxygen that is a byproduct of cellular oxidative/reduction reactions [53, 54] . Superoxide anions and hydrogen peroxide can react with polypeptides and membrane lipids, resulting in cell damage by enzyme inactivation and lipid peroxidation [53, 54] . This cellular damage could be offset, in part, by the dismutation of superoxide free radicals catalyzed by superoxide dismutase (SOD) [53, 54] . SOD activity has been measured within rabbit oviductal fluid, supporting a role for the oviduct in minimizing the detrimental effects of free O2-radical formation on preimplantation embryonic development [51] . Our results suggest that this is a probable component of the overall beneficial influence of oviductal cell coculture on embryo development under an atmosphere of 5% CO 2 in air. Oviductal cell coculture was, however, not beneficial under a 5% CO:5% 02:90% N 2 atmosphere, presumably because this reduced 02 concentration was unable to maintain oviductal cell viability.
A direct role for the production of oxygen free radicals and hydrogen peroxide in contributing to the onset of culture blocks in mammalian preimplantation development must still be established. Hydrogen peroxide levels are observed to increase within 1-to 2-cell cultured mouse zygotes, but it has been found that a decline in oxygen culture atmosphere from 20% to 5% does not influence rates of development to the blastocyst stage nor the levels of hydrogen peroxide production within cultured mouse zygotes [55] [56] [57] [58] .
Our results have also clearly established that high rates of early ovine embryo development can be achieved in media supplemented with 10% serum as opposed to the more commonly utilized 20% HS levels [7] [8] [9] [10] 26, 47] . Furthermore, the observation that such high frequencies of development to the blastocyst stage can occur with an unselected pool of OCC suggests a contrast with similar efforts in culture of IVMF bovine zygotes, which commonly include sub-jecting the bovine OCC to an intense selection before or after placement into oocyte maturation medium [1-6, 59, 60] .
The precise roles of medium composition, serum source, embryo coculture, and culture atmosphere will be fully elucidated only by further experimentation. However, the characterization of two distinct, but equally effective, culture environments that are capable of supporting the development of high proportions of IVMF ovine zygotes through to the blastocyst stage should expedite our understanding of the optimal in vitro environments required to sustain mammalian preimplantation embryo development.
